Tailoring hydrodynamics of non-wetting droplets with nano-engineered surfaces by Kwon, Hyuk-Min
Tailoring Hydrodynamics of Non-wetting Droplets with
Nano-engineered Surfaces
by
Hyuk-Min Kwon
B.S., Mechanical Engineering, Seoul National University (2007)
M.S., Mechanical Engineering, Stanford University (2009)
Submitted to the Department of Mechanical Engineering
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Mechanical Engineering
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
September 2013
© Massachusetts Institute of Technology 2013. All rights reserved.
Author ................................. ..... .
Department of Mechanical Engineering
Certified by .....................
August 16, 2013
. . . . . .
pa K. aranasi
Associate Professor
Thesis Supervisor
A ccepted by .........................................................
David E. Hardt
Chairman, Department Committee on Graduate Theses
,ARC4PE$
- --- TE
2
Tailoring Hydrodynamics of Non-wetting Droplets with
Nano-engineered Surfaces
by
Hyuk-Min Kwon
Submitted to the Department of Mechanical Engineering
on August 16, 2013, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy in Mechanical Engineering
Abstract
Considering that contacts between liquid and solid are ubiquitous in almost all energy pro-
cesses, including steam turbines, oil pumping, condensers and boilers, the efficiency of
energy transportation can be maximized such that the liquid-solid interaction is optimized.
Texture based super-hydrophobicity, also known as the Lotus effect, has been one of the
most extensively studied topics in the last decade. Many of the recent studies have focused
on how textures induce more water repellency, and how these textures can be manufactured
with different methods and materials. However, few studies have shown how these surfaces
benefit the real energy processes in which the interaction between liquid droplets and solid
surfaces is vigorous and influences the energy transfer performances. This work focuses on
altering the hydrodynamics of droplets with nano-engineered surfaces such that it enables
a variety of energy transport processes to achieve better efficiency.
Firstly, the wetting transition on textured super-hydrophobic surfaces is explored. The
careful investigation of Cassie-Baxter to Wenzel transition of a pendant drop during the
deposition explains that the rapid deceleration-induced water hammer pressure causes the
transition. This new transition mechanism for large droplets enables a new wetting tran-
sition phase diagram with a previously known Laplace mechanism that explains the small
drop transition.
Another class of non-wetting droplet, the Leidenfrost drop, is studied with textured
super-wetting surfaces. The liquid drop loses its contact to the solid by its own vapor,
created by a large superheat from the solid. The Leidenfrost effect is undesirable in cooling
applications as the vapor layer acts as a barrier for heat transfer. Here, it has been studied
that how textured super-hydrophilic surfaces induce droplets to wet at higher superheat
via capillary wicking compare to smooth surfaces. A physical model based on scaling is
developed to predict the Leidenfrost drop on single length scale textures, and validated by
the experiments. Additionally, the physical mechanism suggests that hierarchical textures
have a higher Leidenfrost temperature compared to single-length-scale textures, confirmed
experimentally.
Lastly, the recently discovered rare-earth oxide ceramics are studied, which ensures the
benefits of water repellency under harsh conditions such as high temperature and abrasive
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wear. Texturing of the rare-earth oxide ceramic is explored by the laser ablation technique.
Unique micro- and nano-scale hierarchical textures are created, enhancing the water repel-
lency, resulting in the super-hydrophobic rare-earth ceramic.
Thesis Supervisor: Kripa K. Varanasi
Title: Associate Professor
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Chapter 1
Introduction
As concern about limited natural resources and their environmental impact grow, engineers
have focused on new energy conversion systems. However, there is a great potential to re-
duce resource consumption and improve operational efficiency of the existing systems. One
of the most promising tools to do this is interfacial engineering, which alters the interaction
between solid and liquid. This is crucial because the energy efficiency of many energy
systems, including consumer electronics to power plants, depends on the energy exchange
rate between liquid and solid. To pursue better transfer efficiency, liquid-solid interactions
need to be curbed for some processes, and promoted for others. It has been shown that
solid surfaces can be mechanically and chemically tailored to have better liquid repellency
or affinity, known as super-hydrophobic and super-hydrophilic surfaces, respectively [1].
However, before these techniques are applied to various engineering applications, the fun-
damental mechanisms of how liquids interact with those engineered surfaces have to be
satisfactorily studied. The goal of this thesis is to explain the hydrodynamics of droplet de-
formation on both textured non-wetting surfaces and the levitation of Leidenfrost droplets
on textured super-wetting surfaces.
The first part of the thesis is mainly mechanisms of droplet dynamics on micro/nano
texture based super-hydrophobic surfaces. There are two topics, deceleration-induced wet-
ting transition from Cassie-Baxter to Wenzel. The next part discusses how textured super-
wetting surfaces diminish the Leidenfrost effect, resulting in wetting of a liquid droplet
to the solid at an elevated temperature. Lastly, the suitably controlled laser ablation is
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shown to texture newly found hydrophobic rare-earth metal oxide ceramics, resulting in
super-hydrophobic rare-earth oxides that are robust under harsh conditions, such as high
temperature and abrasive wear.
1.1 Wetting transition of sessile droplets on textured super-
hydrophobic surfaces
In Chapter 2, the wetting transition of droplets from Cassie-Baxter state to Wenzel state
is discussed. A new mechanism, based on rapid deceleration of wetting transition from
Cassie-Baxter to Wenzel state of sessile drops is studied, and a theoretically constructed
regime map shows that both large and small droplets can transition to the wetted state due
to the deceleration and previously known Laplace mechanism, respectively.
The most part of the Chapter 2 was published as Kwon, H., Paxson, A. T., Varanasi, K.
K., Patankar, N. "Rapid deceleration driven wetting transition between hydrophobic states
on rough surfaces." Physical Review Letters 106 (2011) 036102.
1.2 Prediction of the Leidenfrost drops on textured super-
wetting surfaces
The solid roughness makes the hydrophilic solid more wettable by either decreasing the
contact angle or adsorbing liquid through textures by capillarity, and by both ways at the
same time, which can help liquid drops on hot surfaces to be wetted against a vapor layer,
thereby diminishing Leidenfrost effect [3]. In Chapter 3, the critical temperature that sep-
arates wetting and non-wetting Leidenfrost states on fabricate micro-post arrays with dif-
ferent spacings was measured. Then, the result is rationalized with a proposed model that
balances vapor pressure and capillary pressure, both of which depend on the design of tex-
ture. The increase in the Leidenfrost critical temperature which is demonstrated here with
surface texture has the potential to increase the operational range and efficiency of these
thermal hydraulic processes.
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The most part of the Chapter 3 is to be published as Kwon, H., Bird, J. C., Varanasi, K.
K. "Increasing Leidenfrost point using micro-nano hierarchical surface structures" under
review.
1.3 Textured super-hydrophobic rare earth oxide ceramic
Recently, the hydrophobicity of rare-earth oxide ceramics has been thoroughly studied [4],
and the robust hydrophobic ceramics opens many possibilities for hydrophobic coatings in
extreme conditions to have various industrial applications. As known, suitable texturing of
those hydrophobic ceramics will enhance the non-wetting property. In Chapter 4, laser ab-
lation technique is applied to produce micro/nano hierarchical surface textures. It has been
explored that the laser parameters that create surface textures and the mechanism of the
texture formation. Also, the non-wetting characteristics of the textured super-hydrophobic
ceramic is elaborated.
The most part of the Chapter 4 is to be published as Kwon, H., Azimi, G., Varanasi, K.
K. "Textured super-hydrophobic rare-earth oxide surfaces by laser ablation" in prepara-
tion.
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Chapter 2
Wetting Transition on Micro-textured
Superhydrophobic Surfaces
Properly incorporated surface textures in micro/nano scale enable extreme water drop re-
pellency by achieving the Cassie-Baxter state [5], in which liquid wets only on the upper
part of surface textures, leaving the most part of it exposed to air. In contrast, a droplet
penetrates through, completely wetting the surface features, known as Wenzel state [6].
Cassie-Baxter droplets have high mobility and repellency. However, when they transi-
tion to the Wenzel state, the surface loses the benefits of low hysteresis and high mobility.
Therefore, the challenge is to understand what causes the Cassie-Baxter state to change
into the Wenzel state [1].
2.1 Wetting transition of sessile droplets on textured su-
perhydrophobic surface
For a sessile drop in the Cassie-Baxter state, liquid-air interface hangs between pillars in the
Cassie-Baxter state. The interface is curved due to the pressure difference across it [7, 8, 9],
and the amount of pressure difference is the capillary pressure, which is determined by the
Young-Lapalce equation,
APcaP = ir (2.1)
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where - is the surface tension of liquid, and r is the curvature of a liquid-air interface. The
Cassie-Baxter state is maintained when the pressure across the curvature of an interface can
balance with the externally applied pressure. As any externally driven pressure exceeds the
maximum possible capillary pressure across the interface that are pinned at the textures,
here referred as the anti-wetting pressure, APanti-wet, the interface impales through the
textures and the drop transitions into the Wenzel state.
The maximum possible anti-wetting pressure is determined by two mechanisms, re-
ported as de-pinning and sag [10]. The transition by the de-pinning mechanism occurs if
the hanging interface cannot remain pinned at the pillar tops, set by the maximum possible
contact angle, which is the advancing contact angle that can be maintained by the pinned
interface at the textures. Then, it proceeds downward along the sidewalls of textures and
fully wets [11, 12]. Even when a liquid-air interface can remain pinned at the pillar tops,
transition to the Wenzel state begins when the sag in the curved liquid-air interface touches
the bottom of the roughness groove [7, 9].
Any externally driven pressure, APet, can cause the transition of Cassie-Baxter state
drops into the Wenzel state when it exceeds the anti-wetting pressure, APanti-wet. For a
relatively small sessile drop, it is the pressure across the surface of the drop, often called
the Laplace pressure, APap, given as
AP a 7= (2.2)
where R is the radius of a drop. Thus, the smaller drop has the larger Laplace pressure,
thereby more readily transiting to the Wenzel state.
2.2 Rapid deceleration driven wetting transition during
pendant drop deposition
A transition into Wenzel state droplets was reported, and the gravity was implicated for the
cause of the transition by Yoshimitsu et al. [13]. However, the gravity-induced transition
is unclear because the water droplets used in their experiments were 1-12 mg, where the
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gravity is not expected to play a dominant role. It is the capillarity that is dominant in the
wetting problems on textured super-hydrophobic surfaces. The gravity is expected to be
comparable to the capillarity as the Bond number, Bo = PgL, scales to the unity at which
the characteristic length is known as the capillary length, f, = '/pg where p is the
density of a fluid. The weight of a water drop whose radius is the capillary length at room
temperature, fc ~ 2.6 mm, is about 82 mg. It remains unclear if these data are repeatable,
or, if repeatable, the detailed mechanism of the transition process is still unclear.
In order to clarify the transition of relatively large drops depends on their sizes, care-
ful experiments are reported here with two different methods of deposition of a droplet on
the differently textured super-hydrophobic substrate. The experiments were conducted on
super-hydrophobic surfaces consisting of arrays of 10 pm square posts, shown in Figure
2-Ia. The silicon micro-post arrays were fabricated via standard photolithographic pro-
cesses, followed by deep reactive ion etching. The substrates were further modified with
a hydrophobic modifier, which is the trichloro(1H,1H,2H,2H-perfluorooctyl)silane by va-
por phase deposition. The advancing contact angle, 0 a, of water on the fluorosilane coated
smooth silicon was measured using a goniometer to be 120' i3 . The array of square posts
produced super-hydrophobic surfaces whose capillary pressure APcap,sqp is given by
A P = 7 o , (2.3)cap,sqp a[(1 + b/a)2 
- 1]
where -y is the surface tension of water, Oa is the advancing contact angle on a smooth
surface, a is the square post width, and b is the edge-to-edge spacing between posts.
The experiments were performed with various droplet volumes using two deposition
methods. The wetting transition was detected by a dramatic decrease in contact angle and
an increase in droplet adhesion to the surface. The volume of droplets was controlled with
an automatic dispensing system.
In the first method, to approximate a quasi-static deposition, droplets were deposited
onto surfaces with post spacings ranging from 40 to 75 pm using a small diameter stainless
steel needle so as to minimize the drop adhesion to the needle. After forming a stable pen-
dant droplet in the Cassie-Baxter state on the textured substrate, its volume was increased
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(b) M MM
Figure 2-1: (a) SEM (scanning electron microscope) image of the 10 Am tall 10 Am by
10 pum square post array surface. (b) A 150 pL Cassie-Baxter droplet on a 75 pm spacing
substrate and (c) a 500 pL Cassie-Baxter droplet on a 40 ptm spacing substrate, as quasi-
statically increased from a 5 pL CB droplet. The edge of the square substrate is 2 cm.
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at a rate of 0.2 piL per second. The needle was not detached from the droplet. As the
volume of these droplets increased, the transition into the Wenzel state was not observed
even as the droplet volumes surpassed 500 pL (500 mg). The droplet seen in Figure 2-lb,
c provides unambiguous evidence that a gravity-based transition is not observed even for
droplets much larger than the critical mass of 82 mg, where gravitational and surface ten-
sion forces are of the same order for water. Obviously, in this experiment, the transition
inducing pressure is the hydrostatic pressure that is insufficient even though the volume
increases. This is because the height of a drop can be approximately the capillary length
at most because of the surface tension. A drop cannot maintain its spherical shape, rather
becoming a puddle. This result confirms that the gravity cannot solely cause the transition
from Cassie-Baxter to Wenzel state.
The second method is based on careful deposition from a pendant droplet on the sur-
face. To obtain a sessile droplet, it is necessary to detach a pendant droplet from the dis-
pensing needle. The droplet deforms due to the surface tension forces at the tip of a needle,
which scale with the diameter of a needle. Different diameter needles were selected so
that pendant droplets would detach at volumes ranging from 7 pL to 90 pL. After form-
ing a pendant droplet that is slightly smaller than the detachment volume, the droplet was
lowered as close to the substrate as possible to be detached by further addition of volume,
necking at the top of the droplet and subsequent detachment onto the substrate. The sub-
strates with different post spacings (edge-to-edge), ranging from 40 Am to 100 pm, were
used in the experiments.
As shown in Figure 2-2, it is apparent that large droplets are in the Cassie-Baxter state
on 40 pm spaced posts; even with the volumes of 75 pL, the droplet remains in the Cassie-
Baxter state. Only when a droplet was evaporated below its critical Laplace transition
volume, which is 0.03 pL, a Wenzel droplet was observed on the 40 Am spaced square post
substrate. The post array with the spacings between 60 to 87.5 Am exhibited a volume-
dependent transition behavior. For example, on the 75 pm spaced substrate shown in
Figure 2-2, the Wenzel state was observed for 1 PL droplets, no transition for 11 L or
55 pL droplets, but the 75 pL droplet transitioned to the Wenzel state. On the 100 pm
spaced substrate, all different size droplets, ranging from 7 ML to 75 pL, underwent transi-
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I mm Cassie
Wenzel 0.03 pL
Wenzel Cassie
Cassie Cassie
Cassie Wenzel
Wenzel Wenzel Wenzel Wenzel
7pL
Figure 2-2: Stable sessile droplets with volumes from 0.03 pL to 75 [pL deposited on the
textured hydrophobic surfaces which are 10 pm tall 10 pm by 10 pim square post arrays
with varying spacings. The Laplace pressure appears to cause transition of 0.03 pL and 1
pL droplets on the 40 prm and 75 prm spaced post arrays, respectively.
tion. Although the pendant droplets remained in the Cassie-Baxter state when brought into
contact with the 100 prm spaced post array substrate, they became the Wenzel state upon
detachment from the needle. These experimental observations show that the Cassie-Baxter
to Wenzel transition can occur not only for small droplets by previously reported Laplace
mechanism but also for large droplets.
To further understand the transition of large droplets, the deposition of a pendant droplets
was recorded by the high-speed camera. The image sequence for the deposition of a 75 ML
drop on the 75 pm spaced substrate is shown in Figure 2-3. It is seen that as the droplet
settles initially on the substrate, there are surface perturbations and shape changes. A dom-
inant feature is that the center of gravity of the droplet gets lowered by a length scale
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Figure 2-3: High-speed image sequence of 75 PL droplet detachment and wetting transi-
tion on the 75 pm spacing post array substrate during a careful droplet deposition from a
pendant drop. The transition event occurs between 10.6 ms and 12.2 ms. The time scale
of the center of the gravity motion of the droplet corresponds to the free fall time scale
followed by capillary waves and transition.
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A ~ 1mm on a time scale tf ~ll 10ms that corresponds to the free fall time scale, which
is A gtfall. This motion of the center of gravity gives rise to a velocity Vfall, estimated
as
Vfau = V2gA (2.4)
With the given velocity, the corresponding dynamic pressure is
A Pd 1 2 i, (2.5)
which is calculated here to be on the order of 10 Pa. The anti-wetting capillary pressure,
APap,sqp, calculated for 75 pm spacing using Equation 2.3, is 202 Pa and far exceeds the
dynamic pressure of 10 Pa. Therefore, the dynamic pressure is insufficient to induce the
transition of the droplet to the Wenzel state. The high-speed image sequence in Figure 2-3
shows that the center of gravity of the drop stops moving down, representing a possible
virtual collision with the substrate, in a very short time scale, which is less than the time
resolution of the high speed camera. The transition to the Wenzel state occurs during this
time, and is followed by a sudden evolution of capillary waves. It has been proposed that
during this rapid deceleration, the pressure induced by this sudden deceleration can surge
in an infinitesimal period of time, known as water hammer pressure [14] that is given as
APwh = kPVfallC (2.6)
where k is a constant depending on the type of collision, shape, and velocity of the droplet
[15] and c is the speed of sound. For the current case with low velocity and large droplet
size, it has been found that k = 0.001 based on the experimental results. This implies
APwh =2000 Pa, which is significantly larger than the anti-wetting capillary pressure for
the given 75 pm spaced post array substrate, thereby causing the transition. Thus, the
energy can be channeled by rapid deceleration into a large water hammer pressure that can
result in transition to the Wenzel state.
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bFigure 2-4: Schematics showing the definitions for the solid-liquid contact perimeter p (red
line) and the projected area A of the meniscus (blue region) for unit cells of different post
shapes (gray). Two common shapes are shown: (a) square and (b) circle.
2.3 Regime map of wetting states for different sizes of droplets
With the proposed mechanisms, the critical droplet sizes that transition from Cassie-Baxter
to Wenzel state can be estimated. The three possible transition-inducing pressure terms
discussed in the previous sections, the Laplace pressure, the dynamic pressure, and the
water hammer pressure. The critical sizes of droplets that is to transition can be estimated
by considering these three different pressures, and the regime map of the Cassie-Baxter
state to the Wenzel state can be built for the different micro scale surface structures in an
array form.
First, the maximum possible capillary pressure, given in Eq. 2.3, can be generalized
for arrays of posts with other prismatic cross-sections in terms of the contact line perimeter
p and the liquid-vapor interfacial area A projected onto a horizontal surface in a unit cell.
In Figure 2-4, two examples of unit cells, a square post array (Figure 2-4a), and a circular
post array (Figure 2-4b). As the liquid-air interface impales by an infinitesimal distance,
denoted by dy in the following expression, the energy associated with the wetting is to be
21
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balanced by the work done by the capillary pressure across the interface, which is expressed
as
APcap,postAdy = 7yp COS 0a 1 dy (2.7)
Rearrangement of the Eq.2.7 leads to
APcap,post = 7P1 COS OaI/A = 1/, (2.8)
where f, defined in Eq. 2.8 is the length scale associated with the average radius of curva-
ture of the liquid meniscus required to impale the roughness. For the square post array, the
average radius of curvature is f, = 2b(1 + b/a)/(41 COS Oal).
The critical size of the droplets that can undergo Cassie-Baxter to Wenzel transition
can be estimated from the velocity that arises from the free fall motion of the center of
gravity. The displacement A can be estimated by considering the reduction in potential
energy and the eventual gain in surface energy [16] as A ~ pgR3 /'-y where R is the radius
of the droplet. As the volume of the droplet increases, so do A and VfnlI, given in Equation
2.4. Thus, the larger the droplets have the bigger transition inducing pressure, such as the
dynamic pressure, AP,2 , and the water hammer pressure, AP h.
The critical droplet radii corresponding to the different designs of micro textures can
be estimated by equating the resisting capillary pressure, Equation 2.8, to the transition
inducing pressures. For the sudden deceleration induced transition, it is the water hammer
pressure, Equation 2.6. Then, the transition criteria is defined as
R *h I " c 1/3 c 5/3
R 1(2.9)
where fk - 2c 2 /g is a length scale based on the balance between sound wave and grav-
itational energies. Similar expressions for critical droplet radii R*, and R*, based on the
dynamic and Laplace pressures, respectively, are
R*y f 4/3
- (-"- - (2.10)
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R*a
f = 2 (2.11)
According to the above mechanisms, the transition to the Wenzel state occurs if the
radius of a droplet R is larger than RWh or R e and if R is smaller than ap It is noted
that the critical radius for the Laplace pressure driven transition, R*ap, is independent of the
capillary length f, implying that the gravity plays an insignificant role because the droplets
are assumed to be smaller than the capillary length, f. As b/a -+ 0, R* - b/ICOs OaI,
which is the Laplace pressure induced transition according to the de-pinning mechanism.
As b/a becomes large, R* ~ b2 /(2al cos Oa1) b2/a, which is the Laplace pressure
driven transition according to the sag mechanism when the post height, h - a. Thus, the
Equation 2.11 captures both the de-pinning and sag based transitions in their respective
limits.
Equation 2.9, 2.10, 2.11 show that the capillary length scale becomes relevant for the
water hammer driven or dynamic pressure driven transitions. Figuer 2-5 shows that the
data are explained by the water hammer-based mechanism of transition.
In Figure 2-5, the critical droplet radii determined by each of three different pressures
and the experimental results are plotted with the corresponding non-dimensionalized av-
erage radius of curvature x = fr/f . The estimated critical radii for the Laplace pressure
induced transition and the water hammer pressure induced transition agree well with the
experimental data, confirming that large droplets undergo transition due to the rapid decel-
eration induced water hammer pressure. The region between Laplace and water hammer
transition lines represents the Cassie-Baxter regime while the outside area represents the
Wenzel regime. Furthermore, it is worth of noting that the water hammer pressure based
critical radius R*h and Laplace-based critical radius R* intersect when
Xcrit - r - 1/5 (2.12)
(f)crit = 8ek)(1
Hence, any hydrophobic textures with x > Xcrit always have sessile droplets in the
Wenzel state, such as the 100 pm spaced square posts in the experiments. Thus, it is seen
that both large and small droplets transition to the Wenzel states due to the deceleration
23
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Figure 2-5: Size-dependent regime map of sessile droplets in the Cassie-Baxter state and
the Wenzel states on textured hydrophobic surfaces. Predictions for normalized critical
radius R*/tr, of water droplets that undergo Cassie-Baxter to Wenzel transition as a func-
tion of the surface parameter based on different wetting pressures: water hammer pressure
(solid), Laplace pressure (dashed), and dynamic pressure (dash-dot). The region between
the Laplace and water hammer curves represents Cassie-Baxter regime while other regions
represent the Wenzel regime. The experimental data are plotted as circles and consist of
normalized droplet radii that are in Cassie-Baxter (open circles) and Wenzel (filled circles)
states.
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and the Laplace pressure of a droplet, respectively. These two transition criteria complete
the regime map of droplet sizes in the Cassie-Baxter state and the Wenzel state as shown in
Figure 2-5
25
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Chapter 3
Increasing Leidenfrost temperature with
super-wetting surface
Cooling of hot surfaces by impinging liquid drops is a widespread process in various fields
such as emergency cooling of nuclear fuel rods under transient and accidental conditions,
fire suppression, cooling of electronic and photonic devices, quenching processes in met-
allurgy, etc. Through this process, most of the heat is transferred to the liquid droplets as
they directly contact solid surfaces. However, when the temperature of a solid is above
the Leidenfrost point, liquid droplets levitate and no longer contact the surface due to the
formation of a stable vapor layer [3]. The vapor layer acts as a thermal barrier, signifi-
cantly limiting the heat transfer from the hot solid to the liquid coolant [52]. Under such
conditions cooling becomes ineffective, causing the temperature of a substrate to reach
dangerous levels, which results in local hotspots or catastrophic failures such as complete
meltdown of a system, as is known to have occurred at the Fukushima disaster [53] Hence,
higher Leidenfrost point is desirable for enhancing the cooling of overheated components.
The Leidenfrost phenomenon has received much attention in recent years in the con-
text of non-wetting applications [54, 55], including the self-propulsion of liquid droplets
[56] and solids[57], drag reduction [58], droplet impact [59], and liquid vitrification[60].
However, as discussed, increasing the Leidenfrost point is beneficial for cooling applica-
tions. Prior studies have shown that the Leidenfrost point can be raised by modifying the
properties of liquids [61, 62, 63, 64, 65] and solids [66, 67, 68], and more recently by the
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use of an electric field [69]. Modifying the surface is particularly attractive because liquid
properties and other operational conditions are often constrained. Previous studies have
identified surface roughness as an important property that generally leads to an increase in
Leidenfrost point. Although promising, these studies have been limited to random rough-
ness substrates such as, porous ceramics [70, 71], particle blasted and rough sanded [72],
salt deposited [73], and particle coated [67]. As a result, the effects of surface texture on
Leidenfrost point are not easily quantifiable, and the physical mechanisms governing the
phenomenon remain largely unclear. Here, systematic experiments are carried out, which
show that surface texture does not always increase Leidenfrost point. This study reveals a
more complex picture where competition between texture-induced capillary pressures and
dewetting vapor pressures influences the transition to the Leidenfrost state, and provide
novel insights for increasing Leidenfrost point effectively using hierarchical textures.
3.1 Leidenfrost droplets on textured surfaces
The effect of surface texture on the Leidenfrost point is investigated by gently depositing
millimetric droplets (30 pL, deionized water) onto heated silicon surfaces textured with
arrays of microscale silicon square posts, shown in Figure 3-1. The post surfaces are fabri-
cated using standard lithography techniques with post width a =10 PL, height h =10 pm
and edge-to-edge spacing b ranging from 3.3 pm to 100 pm. For comparison, a smooth
silicon surface without texture is also studied. All of the surfaces are subjected to Piranha
cleaning [74] such that water droplets completely spread on the surfaces at room temper-
ature (contact angle ~ 00). The Leidenfrost point is determined by increasing the surface
temperature in small increments and observing droplets transition from vigorous boiling to
Leidenfrost state using a high-speed camera. For the smooth silicon surface the Leidenfrost
point is found to be between 270 C at which a drop vigorously boils, and 300 C at which
a drop floats on the surface, as shown in Figure 3-la, and consistent with previous studies
[67].
Interestingly, on textured surfaces the Leidenfrost point was found to be higher on sur-
faces with sparser rather than denser post spacings. For example, the Leidenfrost point on a
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(a) T= 270 *C Ts =300 C
(b) T= 270 OC Ts =300 *C
(C) T= 270*C T= 300*
Figure 3-1: Effects of surface texture on drop dynamics at two different surface temper-
atures, T. (a) At T, = 270'C (left), a deionized water drop spreads on the surface, and
at the same time vigorously boils, ejecting smaller drops. At T, = 3000 C (right), a wa-
ter drop floats on the surface without experiencing significant phase change, known as the
Leidenfrost effect. The Leidenfrost transition temperature lies between 270 C and 300 C.
(b), (c) Liquid droplets on micropost arrays (a =10 pm, h = 10 pm) with spacings b =
10 pm and b =75 pm, respectively, at the same two temperatures. The Leidenfrost point
hardly changes with the dense post array, while the sparse post array promotes boiling by
preventing the Leidenfrost effect.
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textured surface with post spacing b =10 pm was similar to that on a non-textured surface
(Figure. 3- lb). However, when the post spacing was increased to b =75 pm, the drop boils
at both 270 C and 300 C (Figure 3-ic), indicating that the Leidenfrost point is higher on
the sparser textures. Careful measurements of the transition from contact to floating states
are presented in 3-2 where closed symbols depict contact and boiling, while open symbols
depict flotation and Leidenfrost state. The Leidenfrost point is therefore the transition tem-
perature between the two regimes. Inspection of Figure 3-2 indicates that as the post array
becomes denser (b -+ 0), the Leidenfrost point of a textured surface approaches that of a
flat surface. As the array becomes sparser (as b increases), the Leidenfrost point increases,
reaching a value of ~ 370 C for a spacing of b =100 pm. This result is surprising because
it would be commonly thought that denser textures should result in higher Leidenfrost point
as they can facilitate enhanced wetting due to higher capillary forces [1].
3.2 Modeling of Leidenfrost droplets on textured surfaces
To rationalize these experimental findings, the following model is proposed. A drop that
is in contact with the textured surface must detach if it is to float on its own vapor. It
has been hypothesized that while the drop is in contact with the surface, it is subject to
two competing processes, schematically described in Figure 3-3a, b. Specifically, capillary
forces from the textured surface act to maintain contact by pulling the interface downwards
while compressive forces from the vapor generated by the drop push the interface upwards.
If these two competing mechanisms dominate the dynamics, then the drop will transition
from wetting to floating when the force pushing it upward is comparable to the force pulling
it downward. Using the schematic in Figure 3-3a, b as a guide, these competing forces can
be estimated.
In the experiments drops gently impact the solid with a velocity ~ 0.05 m/s (We ~ 1)
to capture the role of the texture solely, keeping the inertia of drops as low as possible;
however, even this gentle deposition can cause impalement into the micropost array [75].
The micropost array is hot enough that some of the impaled liquid quickly evaporates,
creating a liquid-vapor interface. Because the solid surface is intrinsically highly wetting
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Figure 3-2: Experimental results of wetting and non-wetting drops from the micropost
arrays with different spacings. Wetted boiling drops are denoted as closed circle markers,
and a non-wetting Leidenfrost drops as open circle markers. The dashed line is only for
visual clarity.
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(i.e., intrinsic contact angle ~ 00), the liquid that is in contact with the surface is expected
to form menisci as shown in Figure 3-3a, b. The characteristic curvature of the interface
leads to a capillary pressure,
A Pcap (3.1)
where -y is the surface tension between the liquid and the vapor. The capillary pressure
leads to a force that pulls the interface downwards into the micropost array; the strength of
this capillary adhesion increases as the spacing between the posts b decreases.
There is a competing force pushing up on the drop due to the compressive pressure from
the vapor under the drop. As the drop evaporates, the vapor under the drop pressurizes to
the point where it can drive an outward flow. The surface texture hinders this outward vapor
flow and therefore to achieve the same flow rate in the presence of texture requires a larger
pressure differential. The pressure under the drop can be estimated by modeling the vapor
flow as a viscous-dominated radial Poiseuille flow [54, 70]. There are two components of
shear losses to the flow: one in the vertical direction and one in the horizontal direction
[76]. The vertical component scales as pV/e 2 where put is the dynamic viscosity, V is
the velocity of vapor, and e is the thickness of the vapor layer. The horizontal component
scales as pV/b2 where b is the post spacing. Therefore, the combined pressure gradient
across the vapor flow in the radial direction dPvap/dr scales as
dP (1 1
dr 2 h2(3.2)
By introducing K, the approximate permeability,
K= 2 + - (3.3)
The Equation 3.2 becomes
dPcap V (3.4)
dr K
Because the flow rate is generated from evaporation, the value of V can be approx-
imated with an energy balance [54]. The vapor mass flow rate dmvap/dt ~ pVe is
balanced with the evaporation from the total amount of heat transferred through the gap
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Figure 3-3: Schematic representation of the liquid interface on a textured surface at an
elevated temperature. (a) As liquid comes into contact with the surface, it spreads out
through hydrophilic solid features while rapidly evaporating at the interface due to super
heat from the solid. The vapor starts to find paths to escape and the posts resist the flow
resulting in a pressure differential. (b) Finally, continuous re-wetting through the surface
features is possible when the capillary pressure overcomes the pressure from the flowing
vapor.
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dmeval/dt ~ qA/hfg where pv is the vapor density, q is the heat flux, hfg is the latent heat
of vaporization, and A is the length of the contact patch that is in contact with the surface.
Therefore, the force per area pushing upward on the drop under a contact patch of length A
scales as
APvap ~ 2 (3.5)
pvhfgeK
. The conductive heat flux q from the hot surface can be expressed as
A T
q = kef-f (3.6)
e
. where AT is the temperature difference between the substrate temperature T, and the
vapor saturation temperature Tat. The effective thermal conductivity kft can be related
to the micropost geometry by approximating the parallel solid and vapor thermal paths
between the drop and the substrate, which is
(1 + b/a)2 _ I1
(1 + b/a)2  (1 + b/a)2
where kv is the thermal conductivity of vapor, and k, is the thermal conductivity of the
surface texture.
3.3 Prediction of the Leidenfrost transition of droplets on
textured surfaces
In the model, the transition to the Leidenfrost state occurs when the pressure exerted by the
flowing vapor overcomes the texture-induced capillary pressure. At this transition point the
thickness of the vapor is approximately equal to the height of the microposts, e ~ h. It has
been observed that the interface near transition is composed of numerous dynamic pinning
and depinning regions under the drop [67]. These perturbations lead to capillary waves
throughout the drop and ejection of small satellite droplets. The size of these droplets is
comparable to the wavelength of these perturbations and thus comparable to the length of
the local contact patch. The size of these droplets near Leidenfrost point were measured,
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and it has been found that the diameter is approximately 60 jIm. Therefore, the critical
contact patch length at transition in the physical model is approximated as A* ~ 60 Pm, as
indicated in Figure 3-3a.
The physical model predicts that the transition to the Leidenfrost state occurs when
the vapor pressure at the transition moment, AP*ap is balanced by the capillary pressure,
APcap,
APap 1 (3.8)
APcap
For the heated, micropost array, this pressure balance can be expressed in terms of the
texture spacing as
APv ap pvkeffAT*A* 2 b (39)
APcap pvhfgh 2K
where AT* is the difference between the substrate temperature at the Leidenfrost point,
TLFP and the vapor saturation temperature, Tst. The values of this ratio is calculated
with the experimentally measured transition temperatures for different micropost arrays,
shown in Figure 3-2 and indeed find that AP*/APcap is of order one as plotted in Figure
3-4. A slight dependence with bis observed in Figure 3-4, whichLy y indicate that one
of the parameters, modeled as constant, such as A*, might also depend on the spacing
b. Nevertheless, the overall result that the two pressures are comparable at transition is
consistent with the physical model and highlights the dual role of texture. It appears that
textures elevates the Leidenfrost point by increasing capillary pressure, but also limits the
Leidenfrost point elevation by increasing the resistance to the escaping vapor flow.
3.4 Effective hierarchical textures to increase the Leiden-
frost point
If the physical model presented here is correct, it would follow that further elevation of
the LFP might be possible if the texture could increase the capillary pressure without in-
creasing the resistance to the escaping vapor flow. This prediction inspired us to develop
a hierarchical textured surface, which is fabricated by spin-coating nanoparticles (220 nm
diameter silica particles) onto an etched micropost array (b = 75 pm). When comparing
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Figure 3-4: Vapor pressure normalized by capillary pressure for the experimentally mea-
sured Leidenfrost points, marked as the closed squares, for each different texture, corre-
sponding to the post spacing normalized by the critical contact length, b/A*. The experi-
ments show reasonable matches to the line where the capillary wetting pressure balances
the draining vapor pressure, The transition to the Leidenfrost state happens when the vapor
pressure overcomes the capillary pressure.
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the performance of the hierarchical surface at a temperature above the Leidenfrost point for
the non-hierarchical control surfaces, the results, shown in Figure 3-5 are striking. When
the substrates are at 400 C (the limit of the current experimental setup), an impacting drop
will float above both a surface with a single micro-scale texture (b = 75 Pm; Figure 3-5a)
and a surface with a single nano-scale texture (b = 800 nm; Figure 3-5b). However, when
a drop impacts the micro-nano hierarchical surface texture heated to the same temperature,
the drop rapidly wets the surface demonstrating that the Leidenfrost point has been signif-
icantly elevated (Figure 3-5c). All three results are consistent with the mechanisms in the
physical model when the wetting depends on the smallest texture lengthscale and vapor
resistance depends on the largest texture lengthscale. Other factors may also contribute to
this effect, such as nucleation site density increment, and local compressibility that may
change the escaping vapor pressure and the vaporization temperature of a liquid. Neverthe-
less, the experimental results and physical model provide insight into how surface texture
design can have a profound effect on the Leidenfrost point.
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Figure 3-5: High speed image sequences of liquid drop behaviors on 400 C surfaces with
three different surface textures: (a), (b) are single-length scale texture while (c) is a hierar-
chical texture. (a). microscale texture, 10 pm by 10 pm posts, with 75 pim spacing (b) nano
scale texture, 200 nm diameter circular pillar array with 800 nm spacing. (c) Micro-nano
hierarchical surface texture, with 10 pm by 10 prm posts array with 75 prm spacing, covered
with nano-particles (avg. 220 nm diameter). The hierarchical texture unlike those in (a)
and (b) promotes droplet wetting and boiling at 400'C.
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Chapter 4
Textured superhydrophobic rare-earth
oxide surface by laser ablation
As covered through the previous chapters, suitably textured hydrophobic surfaces achieve
super-hydrophobicity, and the fabrication of super-hydrophobic surfaces has been exten-
sively studied [19, 77, 78]. Recently, its promising potential for enhancing energy effi-
ciency of existing systems in broad industrial applications has been more repeatedly high-
lighted, including drag reduction [79, 80], anti-icing [81, 24, 82], and drop-wise condensa-
tion [83, 84, 85]. In order to be applied widely for actual industrial processes, the textured
super-hydrophobic surfaces have to be robust in harsh environments [78]. However, the
robustness of these surfaces still remains a question. One of the reasons is that many tex-
tured super-hydrophobic surfaces inevitably rely on a hydrophobic modifier [86]. Most
of the modifiers are polymers that readily deteriorate under extreme conditions. Although
it has been shown that some super-hydrophobic surfaces have been created by directly
texturing hydrophobic solids [87, 88, 89], the accessible hydrophobic solids are limited
to mostly polymeric materials. Common durable industrial materials, such as metals and
ceramics, are generally hydrophilic. Therefore, the interest naturally turns to hydropho-
bic metals or ceramics, a recently discovered hydrophobic rare-earth oxide series with the
potential for realizing durable hydrophobic surfaces [4]. These rare-earth oxide ceram-
ics sustained their intrinsic hydrophobicity under harsh conditions, such as high temper-
ature, abrasive wear, and steam. As a result, the durable super-hydrophobic surfaces can
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be realized as hydrophobic rare-earth oxides incorporate proper micro/nano-scale surface
textures. For example, super-hydrophobic surfaces can be fabricated by coating conven-
tionally made micro- and nano-scale hierarchical textures with a thin film of hydrophobic
rare-earth ceramics [4]. Another way to create super-hydrophobic ceramics is to directly
texture the hydrophobic ceramics. One of the simplest ways to create micro-/nano-scale
surface structures for industrial materials, such as metals and ceramics, is laser modifica-
tion [90, 91, 92, 93, 94].
In this study, a textured super-hydrophobic cerium oxide surface is prepared by di-
rect laser irradiation. The bulk pallet of ceria is hydrophobic, but it is difficult to produce
micro/nano-sized surface textures on it because of its high degree of hardness and strong
wear resistance [4]. However, a simple laser-ablation process with a nano-second Nd:YAG
laser creates micro/nano hierarchical textures, which are favorable for the further enhance-
ment of water-repellency from single scale textures. After the multiple times of 100 ns
pulsed laser irradiations, the surface of the pellet has been textured with micro- and nano-
scale hierarchical roughness, resulting in the super-hydrophobic surface. The hydrophobic-
ity of the textured ceria has been characterized by measuring contact angles of a water drop
on it. Its water repellency is demonstrated by observing that an impinging droplet com-
pletely bounces off this surface. Examining the X-ray photoelectron spectroscopy (XPS)
data confirms that the surface chemistry remains the same as before the laser irradiation.
4.1 Hydrophobic rare-earth ceramics and laser induced
textures
The ceria pellet was prepared first. It was fabricated from raw powders of ceria (< 5 pum,
99.9 % from Sigma Aldrich) in the as-received conditions. The powders were dry-pressed
in a cylindrical steel press mold into disk-shaped pellets (28.5 mm in diameter and -2
mm thick) first under a pressure of 270 MPa for 3 minutes, followed by a second round
of pressing at 350 MPa for 5 minutes. The green body was then sintered in a dry air
environment inside a tube furnace at 1560'C for 4 hours. To obtain surface morphology
40
and average grain size, the micro-structural characterization of the sintered pellets was
performed using scanning electron microcopy, shown in Figure 4-1. It was shown that ceria
pellet is densely sintered into a honeycomb structure with an average grain size of 15±5
pm. The relative density of the sintered ceria was measured in water using Archimedes
principle [95] and found to be 99.4 % of its theoretical density, which is 7.21 g/cm 3 [4].
After sintering, the ceria pellet was polished to a mirror finish to minimize the effect
of roughness on contact angle measurements. When it was polished, the sintered pellet
had an advancing contact angle of 102±3', shown in Figure 4-1, and a receding contact
angle of 55±30, measured with water droplets. Then, the surface of the ceria pellet was
textured with laser irradiation, which was Nd:YAG laser (1064 nm wavelength, 150 W
maximum continuous output, Electrox) at 20 kHz at 100 ns pulse in air. Each beam was
shot in a square array at an approximately 13 pm distance for the entire pellet, and the
same irradiation was repeated 20 times. After the laser process, the pellet was cleaned by
rinsing with isopropyl alcohol, followed by ethanol and then acetone and finally extensive
rinsing with deionized water for 5 minutes. Cleaned sample was dried by blowing nitrogen
gas and kept in a desiccator under vacuum prior to contact angle measurements.
4.2 Water repellency of textured super-hydrophobic ceria
The textured ceria pellet has shown good water repellency. The water contact angle of the
surface was measured as 160±50, shown in Figure 4-1; thereby the contact angle hysteresis
of 5' indicates increased water repellency from the smooth pellet whose contact angle
hysteresis is 480. The enhancement of the water repellency resulted from the micro- and
nano-scale hierarchical textures that the multiple irradiation of laser created. The scanning
electron microscopic images in Figure 4-1 d show the hierarchical textures, self-organized
under multiple irradiations of laser beams. The textures consist of 5 pm to 15 pm mudcrack
like features, covered with around 50 nm to 100 nm sized protrusions. The formation
of micro-size polygonal features could have evolved in an analogous way to mudcracks,
which is formed by the strain, developed as the top part of muddy sediments shrinks while
the bottom part stays the same. The localized laser irradiation melts a small area of the
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Figure 4-1: Superhydrophobicity of laser-ablated ceria sintered pellet. (a) Photograph of
dyed water droplets on a sintered ceria pellet (0 = 1020 ± 30); scale bar 2.0 mm. (b)
Scanning electronic micrograph of ceria (CeO2) surface (average grain size: 15 ± 5 ptm);;
the scale bar is 20 pm. (c) Photograph of dyed water droplets on the laser ablated ceria
pellet (0 = 1600 ± 50); the scale bar is 2.0 mm. (d) Scanning electronic micrograph
of laser-ablated ceria sintered ceramic; the scale bar is 10 Pm. The inset shows a high
magnification SEM image (scale bar is 3 pm).
material, and evaporates some portion of it at the top; then as the material cools down, the
cracks are formed on the surface. The nano-scale bumps are suspected of being created by
the recrystallization of the melted parts as well as the precipitation of evaporated parts.
The enhanced water repellency is shown by a drop impact experiment. A deionized
water drop whose radius is 2.5 mm with the velocity of 1.5 m/s impacts the laser textured
ceria substrate, corresponding to the Weber number, We ~ 78. The drop impingement
was captured by a high speed camera, and Figure 4-2 shows the sequential images of the
experiment. The textured ceria surface was able to completely repel the impacting drop.
42
-- ----___- _____ -
Figure 4-2: Water repellency of laser-ablated ceria sintered pellet. High-speed photography
images of a water droplet bouncing off of the laser-ablated ceria sintered ceramic (impact
velocity ~ 1.5 m/s); the scale bar is 2.5 mm.
4.3 Material characterization of the laser induced surface
textures on ceria
To confirm the chemical composition at the surface after the laser ablation, the surface
chemistry was examined by X-ray photoelectron spectroscopy (XPS). Figure 4-3a, and
b show the XPS spectra of the ceria pellet before and after laser ablation, respectively.
XPS analysis found Ce, 0, and C at these surfaces. As shown in the spectra, the laser
induced textured surface shows the similar chemical composition at the surface to the orig-
inal ceria pellet. Before laser irradiation, the pellet consisted of around 30.5% Ce (Figure
4-3a) and this value remained almost unchanged after laser ablation (Figure 4-3a). The
atomic percent of 0 and C before laser ablation were about 60.0% and 9.5%, respectively.
After the laser ablation, a small variation in 0 and C concentration was observed: the
concentration of 0 at the surface was reduced to 52.2% and C content was increased to
about 16.4%. Such small variations can be due to the atmospheric contaminants that could
have been introduced during sample handling in the laser ablation process. Therefore, the
observed super-hydrophobicity on the laser-ablated ceria pellet is mainly due to the hier-
archical structure that was introduced at the surface of the hydrophobic ceria pellet. In
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Figure 4-3: XPS spectra of the ceria pellet: (a) before and (b) after the laser ablation. The
spectra verify that the surface chemistry remains unchanged after laser ablation process,
and show that carbon contamination is negligible at the surface.
summary, one robust hydrophobic ceramic, ceria, has been textured with laser ablation,
resulting in self-organized micro/nano two length scale hierarchical textures. The surface
texturing by itself shows enhanced water repellency without a hydrophobic modifier, since
the bulk ceria is hydrophobic, confirmed by the surface chemistry data from the current
XPS examination.
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Chapter 5
Conclusion
It has been explored how engineered surface textures can benefit the industrial processes
by tailoring the hydrodynamics of the non-wetting droplets in different cases, one by the
textured super-hydrophobic surfaces, and the other one by the vapor layer from a large
superheat. In order to enhance the energy efficiency of those industrial processes, the
interaction between liquid droplets and surfaces needs to be promoted or prevented. By
identifying major roles of the surface textures on the hydrodynamics of droplets, the design
parameters of the surface textures are understood, and it was possible to design the novel
textures that enable more efficient energy transfer.
A rapid deceleration driven water hammer pressure can cause the transition from Cassie-
Baxter to Wenzel droplets during deposition. A new phase diagram is presented where both
small and large droplets can transition based on Laplace and water hammer mechanisms,
respectively. This result implies that the Cassie-Baxter state can be achieved via pendant
droplet deposition only for intermediate droplet sizes for many rough surfaces that are not
optimally designed. This insight is novel and shows that the attainment of a Cassie-Baxter
state is more restrictive than previously implied by Laplace pressure-based transition mech-
anism.
The following study has identified that Leidenfrost phenomenon on textured surfaces
occurs when capillary pressures balance compressive pressures exerted by the vapor. The
microscopic textures with sparser spacings are preferable to increase the Leidenfrost point.
It has also been shown that the Leidenfrost point can be further increased by using hier-
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archical textures. These insights can be used to enhance the heat transfer performance in
various applications, including cooling of nuclear fuel rods under transient and accident
conditions, fire suppression, electronics cooling, and quenching processes in metallurgy.
Additionally, the new hydrophobic materials and the fabrication methods are intro-
duced, which ensure the robustness under harsh industrial conditions. The laser ablation
of ceria results in self-organized micro/nano two length scale hierarchical textures. The
surface texturing by itself shows enhanced water repellency without a hydrophobic mod-
ifier, since the bulk ceria is hydrophobic, confirmed by the surface chemistry from the
XPS examination. The water repellency of the surface was demonstrated by the high de-
gree of the contact angle, the lowered value of contact angle hysteresis, and the complete
rebound of an impinging water droplet. This study extends the possibility of producing ro-
bust super-hydrophobic rare-earth oxide ceramics with the benefit of using easily accessible
nano-second laser techniques for industrial applications.
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